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heavy Higgs bosons become increasingly heavy and the
couplings of h0 to SM particles approach their SM values
(so that h0 behaves like the SM Higgs boson), the LC
measurements of h0 couplings can be used to distinguish
h0 from the SM Higgs boson and to extract MSSM pa-
rameters [20]. One �nds � 2� deviations from the SM
typically for mA0 <� 600 GeV [16, 20].3

While in the decoupling limit the couplings of h0

become increasingly insensitive to the MSSM parame-
ters, the couplings of the heavy Higgs bosons exhibit
no such decoupling; rather, they are always sensitive to
the MSSM parameters. Further, the measurements of
the masses and couplings of the heavy Higgs bosons in
addition to those of h0 allow one to place orthogonal
constraints on the parameters of the MSSM Higgs sec-
tor. Thus, measurements of the properties of the heavy
MSSM Higgs bosons are very valuable, especially in the
decoupling limit.

In this paper we consider the production of one of the
heavy Higgs bosons alone or in association with lighter
SM particles at the LC. While the cross sections for such
production modes are typically very small, they o�er the
possibility of extending the reach of the LC to higher
values of mA0;H0;H� >� 0:5

p
s. Single heavy Higgs boson

production has been studied before in the literature via a
number of di�erent processes, which we summarize here.
Because detailed experimental studies of almost all of
these processes are unavailable, we choose an optimistic
standard of detectability to be 10 heavy Higgs boson pro-
duction events in the LC data sample. We assume data
samples of 500 fb�1 at

p
s = 500 GeV and 1000 fb�1

at
p
s = 1000 GeV. For neutral Higgs boson production,

this standard corresponds to a cross section of 0.02 fb
at
p
s = 500 GeV (0.01 fb at

p
s = 1000 GeV). For the

charged Higgs boson production, we may add together
the cross sections for H+ and H� production. Thus our
standard corresponds to a cross section for production of
a charged Higgs boson of one sign of 0.01 fb at

p
s = 500

GeV (0.005 fb at
p
s = 1000 GeV). We assume unpo-

larized e� beams unless otherwise speci�ed; we always
assume that the e+ beams are unpolarized.

The heavy CP-even neutral Higgs boson H0 can be
produced via the same processes as the SM Higgs bo-
son, i.e., Higgsstrahlung, e+e� ! ZH0; W -boson fusion,
e+e� ! ���H0; and Z-boson fusion, e+e� ! e+e�H0.
However, the cross sections for these production pro-
cesses are suppressed relative to the corresponding SM
Higgs production cross sections by cos2(� � �), where �
is the mixing angle that diagonalizes the CP-even neu-
tral Higgs boson mass-squared matrix. In the decoupling
limit [19], cos2(� � �) / m4

Z=m
4
A0 , so these cross sec-

tions quickly become very small as mA0 increases. At a

3 A subset of the h0 couplings can also be measured with similar
precision at a LC operating as a  collider, leading again to
� 2� deviations from the SM typically for mA0

<� 600 GeV [21].

500 GeV LC, ZH0 production can provide some reach
beyond mH0 ' 0:5

p
s = 250 GeV at low tan �. Using

the program FeynHiggsXS [22], which includes the full
Feynman-diagrammatic corrections to this process at the
one-loop level as well as two-loop corrections to the Higgs
masses and mixing, we �nd that ZH0 production yields
a cross section above 0.02 fb for mH0 <� 385 GeV at
tan � = 2:5 (mH0 <� 325 GeV at tan � = 10). At a 1000
GeV LC, the cross section for ZH0 production is tiny, be-
low about 0.005 fb for tan � >� 2:5 and mH0 > 500 GeV.
At

p
s = 500 GeV, the cross section for SM Higgs bo-

son production through W -boson fusion is smaller than
that for SM Higgs boson production via e+e� ! ZH0

for mH0 >� 165 GeV (see, e.g., Ref. [18]); thus in the
MSSM we do not expect the W -boson fusion process to
improve the reach for H0 over ZH0 production at this
center-of-mass energy. At

p
s = 1000 GeV, however, the

SM W -boson fusion cross section is considerably larger
than the SM ZH0 production cross section all the way
up to the kinematic limit. This process yields a cross sec-
tion above 0.02 fb for mH0 <� 550 GeV at tan � = 2:5.4

Finally, the Z-boson fusion cross section is always about
a factor of ten smaller than the W -boson fusion cross
section, so we do not expect it to be useful here.

In addition to the unsuppressed but kinematically lim-
ited production mode e+e� ! H0A0, the heavy CP-odd
neutral Higgs boson can also be produced in association
with the light h0, via e+e� ! h0A0. As above, the
cross section for this production mode is suppressed by
cos2(� ��). At a 500 GeV LC, this process may provide
some reach for mA0 > 250 GeV at low tan �; using Feyn-
HiggsXS [22] we �nd that it yields a cross section above
0.02 fb for mA0 <� 355 GeV at tan � = 2:5 (mA0 <� 270
GeV at tan� = 10). At a 1000 GeV LC, the cross section
is below 0.02 fb for tan � >� 2:5 and mA0 > 500 GeV.

The heavy MSSM Higgs bosons can also be produced
in association with pairs of third-generation fermions:
e+e� ! b�bH0, b�bA0, ���H+, and �tbH+. The cross sec-
tions for the �rst three of these processes are strongly
enhanced at large tan �, and the fourth is enhanced at
both large and small tan �.5 The cross sections for all
four processes fall rapidly with increasing mA0 . At a 500
GeV LC, the process e+e� ! b�bH0 can provide some
reach for mH0 > 250 GeV at large tan �; it yields a
cross section of 0.1 fb or greater for mH0 <� 350 GeV at
tan � = 50 (mH0 <� 300 GeV at tan � = 30) [25, 26]6.
The process e+e� ! b�bA0 yields cross sections below 0.1

4 These results for e+e� ! ���H0 are based on the �e� approx-
imation from the program subhpoldm [23]. A full Feynman-
diagrammatic calculation of the radiative corrections to this pro-
cess is not yet available.

5 The �rst two processes are useful for measuring tan� at large
tan� and low mA0 [24].

6 Results were not given in Refs. [25, 26] for cross sections smaller
than 0.1 fb. Presumably, the reach in mH0 is somewhat larger
at a cross section of 0.02 fb.
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fb for mA0 > 250 GeV [25, 26]. At a 1000 GeV LC, nei-
ther e+e� ! b�bH0 nor b�bA0 yields a cross section above
0.1 fb for mH0;A0 > 500 GeV [25]. At a 500 GeV LC,
the process e+e� ! ����H+ yields a cross section above
0.01 fb for mH� <� 275 GeV at large tan � � 40, while
e+e� ! �tbH+ yields a cross section above 0.01 fb for
mH� <� 260 GeV for low (� 1:5) or high (� 40) values
of tan � [27] (see also Refs. [25, 28]). At a 1000 GeV LC,
the process e+e� ! ����H+ yields a cross section above
0.005 fb for mH� <� 520 GeV at large tan � � 40, while
e+e� ! �tbH+ yields a cross section above 0.005 fb for
mH� <� 550 GeV for low (� 1:5) or high (� 40) tan �
[27] (see also Ref. [25]). If the e+e� LC is converted into
a photon collider through Compton backscattering of in-
tense laser beams, similar single Higgs production pro-
cesses are possible with cross sections for mH� >

p
s=2

typically larger than those in e+e� collisions [29]. At a
1000 GeV parent e+e� machine,  ! ����H+ yields a
cross section above 0.005 fb for mH� up to almost 700
GeV at large tan � ' 30 [29].

At a photon collider, the neutral heavy Higgs bosons
H0 and A0 can be singly produced in the s-channel
through their loop-induced couplings to photon pairs.
This process currently appears to be the most promis-
ing for detecting H0 and A0 with masses above

p
s=2

and tan � values in the LHC wedge region [30, 31, 32].
In particular, a recent realistic simulation [30] shows that
a 630 GeV e+e� LC running in  mode for three years
would allow H0, A0 detection over a large fraction of the
LHC wedge region for mA0 up to the photon-photon en-
ergy limit of � 500 GeV. At a 1000 GeV LC, the mass
reach is likely to be above 600 GeV [31].

Production of charged Higgs bosons at a photon col-
lider via  ! W+H� at the one-loop level has been
studied in the non-supersymmetric two Higgs doublet
model (2HDM) and the full MSSM in Ref. [33]. If 1000
fb�1 of e+e� luminosity is devoted to  collisions atp
see = 1000 GeV, a ten-event discovery of H� in the

2HDM is possible for mH� <� 570 GeV at tan � = 2;
the cross section falls with increasing tan �. In the full
MSSM with light superparticles the cross section is en-
hanced, and this mode provides a ten-event discovery
reach for mH� above 600 GeV at tan � = 2 (mH� <� 520
GeV at tan � = 6) [33].

Single heavy MSSM Higgs bosons can be produced at
the e+e� LC through a number of loop-induced processes
as well. The process e+e� ! ZA0 is forbidden at tree-
level but present at one loop. A signi�cant contribution
to this process comes from the loop-induced A0ZZ ver-
tex, computed in Ref. [34]. The full cross section for
e+e� ! ZA0 has been calculated in both the 2HDM [35]
and in the full MSSM [36]. In the 2HDM the cross sec-
tion is very small, about 0.003 fb 7 for tan � ' 1:5 and

7 We have taken into account an additional factor of 1=4 due to the
average over the initial e+e� polarizations that was accidentally

p
s = 500 GeV, and falls rapidly with increasing tan�

[35]. In the full MSSM, light charginos and sleptons with
masses of order 200 GeV can enhance the cross section
by an order of magnitude or more; this leads to a cross
section for e+e� ! ZA0 at a 500 GeV LC larger than
0.02 fb 8 formA0 <� 270 GeV for a wide range of tan � val-
ues [36]. This enhancement disappears once the chargino
and slepton masses exceed about 500 GeV. Similarly, the
process e+e� ! A0 was considered in Refs. [35, 38, 39].
At a 500 GeV machine, even including the enhancement
of the cross section from SUSY contributions, the cross
section is below 0.02 fb for mA0 > 250 GeV at tan � = 2,
and falls rapidly with increasing tan � [38]. At higher

p
s

the situation is similarly unpromising for tan� > 2 [39].

The similar process e+e� ! W+H� is also forbid-
den at tree level but present at one-loop. A signi�-
cant contribution to this process comes from the loop-
induced W+H�Z and W+H� vertices. The contribu-
tions to these vertices from top/bottom quark loops [40]
and gauge and Higgs boson loops [41] have been com-
puted in the 2HDM. The full MSSM contributions to
these vertices have been computed in Ref. [42]; the con-
tributions from top/bottom squark loops are also given
in Ref. [40]. The loop-induced W+H�Z vertex has also
been computed numerically in the full MSSM in Ref. [43].

The loop-induced W+H� coupling leads to the pro-
cess e� ! �H�. The cross section for this process has
been computed in the 2HDM in Ref. [44]. The cross sec-
tion is relatively independent of mH� all the way up to
threshold for e� center-of-mass energies of either 450 or
900 GeV. However, the cross section is quite small, typi-
cally below 0.05 fb for tan � � 1:5, and falls rapidly with
increasing tan � [44]. With a typical e� luminosity of
100 fb�1 [45], a cross section of at least 0.1 fb would be
required to obtain 10 H� events.

The full cross section for e+e� ! W+H� has been
calculated in the non-supersymmetric 2HDM in Refs. [46,
47, 48]. If one imposes the MSSM relations on the 2HDM
Higgs sector, then the cross section at a 500 GeV LC is
above 0.01 fb for mH� <� 380 GeV and tan � = 2; it
falls rapidly with increasing tan � [48]. If the MSSM
constraint on the Higgs sector is relaxed, as in Ref. [47],
then the e+e� !W+H� cross section can be enhanced
in some regions of 2HDM parameter space with tan � >� 3
due to large triple-Higgs couplings. This enhancement is
limited to a little less than an order of magnitude by
the requirement that the Higgs self-coupling constants
remain perturbative. The resulting cross sections reach
a maximum of about 0.05 fb 9 for mH� >� 250 GeV at
tan � ' 4, and fall rapidly with increasing tan � and
increasing mH� [47]. Similar results were obtained in

omitted in Refs. [35, 36] [37].
8 We have again taken into account the additional factor of 1=4
from the average over the e+e� polarizations [37].

9 Ref. [47] presents cross sections for 100% polarized e� and e+

beams; we quote the unpolarized cross section here.
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Ref. [46].
In this paper we compute the cross section for e+e� !

W+H� in the full MSSM. We present analytic formu-
lae for the matrix elements and numerical results for the
cross section as a function of the MSSM parameters. We
�nd that the contributions of the SUSY particles enhance
the cross section over most of SUSY parameter space, es-
pecially when the SUSY particles are light, with masses
of order 200 GeV. The largest contributions to the cross
section from the SUSY sector come from diagrams involv-
ing charginos/neutralinos and top/bottom squarks. We
also �nd that left-handed polarization of the e� beams
leads to an order 50% enhancement of the cross section.
Throughout this paper we present cross sections for the
single process e+e� ! W+H�; these numbers should
be doubled to �nd the combined cross sections for this
process plus its charge conjugate.
This paper is organized as follows. In Sec. II we intro-

duce our formalism for the matrix elements and cross sec-
tion. In Sec. III we display the relevant SUSY diagrams
and review the renormalization procedure. In Sec. IV
we present our numerical results. Sec. V is reserved for
our conclusions. The matrix elements for the 2HDM and
SUSY diagrams are collected in the appendix.

II. FORMALISM

Following the notation of Ref. [46], the matrix element
M for e+e� ! W+H� can be decomposed into six in-
dependent matrix elements Ai and their corresponding
coeÆcients Mi:

M =
6X
i=1

MiAi: (1)

The six matrix elements are de�ned as,

A1 = �v(p2) 6 ��(k1)1 + 5
2

u(p1)

A2 = �v(p2) 6 ��(k1)1� 5
2

u(p1)

A3 = �v(p2) 6 k11 + 5
2

u(p1)(p1 � ��(k1))

A4 = �v(p2) 6 k11� 5
2

u(p1)(p1 � ��(k1))

A5 = �v(p2) 6 k11 + 5
2

u(p1)(p2 � ��(k1))

A6 = �v(p2) 6 k11� 5
2

u(p1)(p2 � ��(k1)); (2)

where �� is the polarization vector of the W+ boson, p1
and p2 are the incoming momenta of the initial e� and
e+, respectively, and k1 is the outgoing momentumof the
W+.
For convenience we de�ne two additional matrix ele-

ments, A7 and A8:

A7 = i"��� �v(p2)�
1 + 5

2
u(p1)�

�
�k1�k2

A8 = i"��� �v(p2)�
1� 5

2
u(p1)�

�
�k1�k2; (3)

where k2 = p1 + p2 � k1 is the outgoing momentum of
the H� and "��� is the totally antisymmetric tensor,
with "0123 = 1. A7 and A8 can be expressed in terms of
A1{A6 as follows:

A7 = A1(t� u)=2 + A3 �A5

A8 = A2(u� t)=2� A4 +A6; (4)

where t = (p1 � k1)
2 and u = (p1 � k2)

2.
From the form of these matrix elements, one immedi-

ately sees that the cross sections for like polarizations of
e+ and e� are zero:

d�(e+Re
�
R !W+H�)
d cos �

=
d�(e+Le

�
L !W+H�)
d cos �

= 0: (5)

For unlike polarizations of e+ and e�, the cross sections
are given in terms of the six basic matrix elements by:

d�(e+Re
�
L ! W+H�)
d cos �

=
�

32�s

�
2sjM2j2 �

(m2
H�m

2
W � tu)

4m2
W

n
(m2

W � t)2jM4j2 + (m2
W � u)2jM6j2

+ 4(m2
W � t)Re[M2M�

4] + 4(m2
W � u)Re[M2M�

6] + 2(tu�m2
W s �m2

Wm2
H� )Re[M4M�

6] + 4jM2j2
oi

; (6)

and

d�(e+Le
�
R ! W+H�)
d cos �

=
�

32�s

�
2sjM1j2 �

(m2
H�m

2
W � tu)

4m2
W

n
(m2

W � t)2jM3j2 + (m2
W � u)2jM5j2

+ 4(m2
W � t)Re[M1M�

3] + 4(m2
W � u)Re[M1M�

5] + 2(tu�m2
W s �m2

Wm2
H� )Re[M3M�

5] + 4jM1j2
oi

: (7)

Here s = (p1 + p2)2 and � = 2j~k1j=
p
s is given by:

�2 =

�
1� (mH� +mW )2

s

� �
1� (mH� �mW )2

s

�
: (8)

The unpolarized cross section is obtained by averaging
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FIG. 1: Feynman diagrams for the 2HDM contributions to
e+e� ! W+H�. Here S, Si;j;k denote Higgs and Goldstone
bosons, V = , Z, and V 0 = Z, W�.
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FIG. 2: Feynman diagrams for the SUSY contributions to
e+e� ! W+H�. Here �i;j;k denote charginos and neutrali-
nos, Si;j;k denote squarks and sleptons, and V = , Z.

over the four possible initial combinations of e+e� polar-
izations.

III. RENORMALIZATION

The diagrams contributing to e+e� ! W+H� in the
2HDM are shown in Fig. 1 [46]. We show the addi-
tional SUSY diagrams in Fig. 2. There are also W�H�

and G�H� mixing self-energy diagrams that involve SM
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FIG. 3: Feynman diagrams for the 2HDM contributions to
W�H� and G�H� mixing self-energies. Here Si = h0;H0

and Sj = H�;G�.
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FIG. 4: Feynman diagrams for the SUSY contributions to
W�H� and G�H� mixing self-energies. Here �i;j denote
charginos and neutralinos and Si;j denote squarks and slep-
tons.

fermions, gauge and Higgs bosons (Fig. 3), and SUSY
particles (Fig. 4). These mixing self-energies, together
with the counterterms, contribute to e+e� ! W+H�

via the diagrams in Fig. 5.
We neglect all diagrams that are proportional to the

electron Yukawa coupling. We also neglect the diagrams
shown in Fig. 6:

(a) These two diagrams are proportional to me either
through the electron Yukawa coupling or through
the factor of me obtained via the equation of mo-
tion of the incoming electron. In particular, the
vector boson{Higgs mixing is proportional to kV� =
p1� + p2�, which gives me when acting on the
V��e

�e vertex.

(b) This diagram is zero because the W�H� mixing
self-energy is proportional to k1�, and k1 � �� = 0.

(c) We will set the renormalized tadpoles to zero below,
so that this diagram does not contribute. (Note
that the A0 and G0 tadpoles are zero automatically
due to CP conservation.)

(d) This diagram is purely real and is canceled by the
G�H� mixing counterterm, as discussed below.
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FIG. 5: Feynman diagrams for the contributions to e+e� !
W+H� through the counter terms and the W�H� and
G�H� mixing self-energies. The \X" in diagram 1 denotes
the counter term for the W+H� and ZW+H� vertex, and
the blob in diagrams 2-4 denotes the renormalized W�H�

and G�H� mixing.
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FIG. 6: Contributions to e+e� ! W+H� that we neglect.

We evaluate the one-loop process e+e� ! W+H� in
the 't Hooft{Feynman gauge using dimensional regular-
ization. Using dimensional reduction yields the same
result for this process. Diagrams that contain closed
loops of chiral fermions may give rise to inconsistencies
in the treatment of 5 in na��ve dimensional regulariza-
tion [49, 50]. We have checked that this does not happen
in the one-loop e+e� ! W+H� diagrams by comput-
ing the terms involving 5 in the diagrams with closed
fermion loops using the 't Hooft-Veltman rules [49, 51].
It was shown in Ref. [49] that this prescription yields a
consistent formulation of dimensional regularization even
if 5 couplings are present. (For a pedagogical discussion
see Ref. [52].) We �nd that in this process the 't Hooft-
Veltman rules yield the same result as na��ve dimensional
regularization, so that no inconsistencies arise.
We follow the on-shell renormalization formalism de-

veloped by Dabelstein [53] for the MSSM gauge and
Higgs sectors. The one-particle-irreducible (1PI) tadpole
diagrams for h0 and H0 are given by �iTh and �iTH ,
respectively. Including the tadpole counterterms, the
renormalized tadpoles are given by:

T̂h = Th + Æth; T̂H = TH + ÆtH : (9)

The 1PI two-point function for W+H+ mixing is de-

�ned as �ik��W+H+ (k2), where k is the incoming mo-
mentum of the W+

� , and H+ is outgoing.10 The con-

jugate two-point function, with W� incoming and H�

outgoing, is given by +ik��W+H+ (k2), where again k
is the incoming momentum of the W�

� . The renormal-

ized two-point function forW+H+ mixing is obtained by
adding the counterterm:

�̂W+H+ (k2) = �W+H+ (k2)

�mW sin � cos �

�
ÆZH1

� ÆZH2
� Æv1

v1
+
Æv2
v2

�
; (10)

where ÆZH1
and ÆZH2

renormalize the two Higgs doublet
�elds H1 and H2 and Æv1 and Æv2 renormalize the two
Higgs vacuum expectation values [53]:

Hi ! Z
1=2
Hi

Hi; vi ! Z
1=2
Hi

(vi � Ævi); (11)

and ZHi = 1 + ÆZHi .
The 1PI two-point function for G+H+ mixing is de-

�ned as +i�G+H+ (k2), where k is the incoming mo-
mentum of the G+, and H+ is outgoing. The conju-
gate two-point function, with G� incoming and H� out-
going, is the same. The renormalized two-point func-
tion for G+H+ mixing, �̂G+H+ (k2), is �xed in terms of

�̂W+H+ (k2) due to the Slavnov-Taylor identity (see, e.g.,
Refs. [54, 55] for details):

k2�̂W+H+ (k2)�mW �̂G+H+ (k2) = 0: (12)

Finally, there are two vertex counterterms for
�W

+
� H

� and Z�W
+
� H

� (all particles outgoing).
These are given by �iemW sin � cos � Æc g�� and
+iesWmZ sin � cos � Æc g��, respectively. Here Æc �
(ÆZH1

� ÆZH2
� Æv1=v1 + Æv2=v2) and sW denotes the

sine of the weak mixing angle. Note that Æc is �xed in
terms of the W+H+ mixing counterterm, Eq. 10.
We need impose only the following two renormalization

conditions.11 First, the renormalized tadpoles in Eq. 9
are set to zero. Second, the real part of the renormalized
W+H+ mixing is set to zero when H+ is on mass shell:

Re �̂W+H+ (m2
H� ) = 0: (13)

This �xes the following combination of counterterms:

mW sin� cos �

�
ÆZH1

� ÆZH2
� Æv1

v1
+
Æv2
v2

�
= Re�W+H+ (m2

H� ); (14)

10 We use the convention D� = @� + ieA�. Ref. [46] uses the
opposite convention, so our matrix elements should di�er from
theirs by a sign.

11 Because the process e+e� ! W+H� is zero at tree level, the
renormalization procedure is greatly simpli�ed and many renor-
malization conditions, such as that for tan�, need not be im-
posed.
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which appears in the W+H� and ZW+H� vertex
counterterms. Applying the Slavnov-Taylor identity
(Eq. 12) at k2 = m2

H� , this condition also �xes

Re �̂G+H+ (m2
H� ) = 0. In addition, since the countert-

erms are purely real, we have from Eq. 12:

Im�G+H+ (m2
H� ) =

m2
H�

mW
Im�W+H+ (m2

H� ); (15)

so that diagrams 3 and 4 of Fig. 4 and diagram (d) of
Fig. 6 need not be calculated. As a check of our calcula-
tion we have veri�ed Eq. 15 explicitly, including the full
MSSM contributions.
Explicit results for �W+H+(p2) are given in the ap-

pendix. The real part of �W+H+ (m2
H� ) �xes the

W+H� and ZW+H� counterterms. The imaginary
part of �W+H+(m2

H� ) remains in diagrams 1 and 2 of
Fig. 5, since it is not canceled by the W+H+ mixing
counterterm. This imaginary part also determines dia-
gram 3 of Fig. 5 via Eq. 15.
We have checked explicitly that all the divergences in

the 1PI diagrams that contribute to e+e� !W+H� are
canceled by the counterterms.

IV. NUMERICAL RESULTS

In this section we examine the behavior of the cross
section for e+e� ! W+H� for various choices of SUSY
parameters and evaluate the regions of parameter space
in which the cross section is large enough to be observed
for mH� >

p
s=2. As described in the Introduction, we

assume data samples of 500 fb�1 at
p
s = 500 GeV and

1000 fb�1 at
p
s = 1000 GeV. We choose an optimistic

standard of detectability to be ten H� production events
in the LC data sample. Adding together the cross sec-
tions for W+H� and W�H+ production, our standard
corresponds to a cross section for W+H� production of
0.01 fb at

p
s = 500 GeV and 0.005 fb at

p
s = 1000

GeV. We assume that the e+ beams are unpolarized.
We compare the cross sections obtained with unpolarized
e� beams with those obtained with 80% left- or right-
polarized e� beams. We do not make any attempt to
consider backgrounds or apply cuts; this is beyond the
scope of our present analysis.
Unlike the case of the non-supersymmetric 2HDM, in

which the top/bottom quark loops give by far the largest
contribution to the cross section, in the full MSSM the
fermionic loops involving charginos/neutralinos and the
bosonic loops involving stops/sbottoms also give contri-
butions of similar size. Although the stop/sbottom loops

are enhanced by the large H�~tR~b�L coupling (which is
proportional to the top quark Yukawa coupling), these
diagrams are suppressed by higher powers of the super-
particle masses than the fermionic loops.
Diagram 1 in Fig. 2 and diagrams 1 and 3 in Fig. 4 de-

couple in the limit of heavy gauginos and Higgsinos, while
diagrams 3-10 in Fig. 2 decouple in the limit of either

heavy sleptons or of heavy gauginos/Higgsinos. Squarks
and sleptons contribute to diagram 2 in Fig. 2 and 2 and
4 in Fig. 4, where stops/sbottoms give the largest contri-
bution because of the large top quark Yukawa coupling.
In our numerical analysis, we use a common sfermion

mass scale MSUSY = 200 GeV for all the squarks and
sleptons. MSUSY is the soft SUSY-breaking mass param-
eter that enters the diagonal elements of the squark and
slepton mass matrices. We also include the additionalD-
term contributions to squark and slepton masses, which is
crucial for the Slavnov-Taylor identity (Eq. 15) to hold.
We study two di�erent choices for the trilinear A cou-
plings: (I) At = Ab = 0 and (II) At = Ab = 200 GeV.
Along with the � parameter and tan �, At determines the
left-right mixing in the stop sector, which plays an im-
portant role for relatively light MSUSY. In addition, the
� parameter determines the Higgsino masses. In most of
our analysis we choose � = 500 GeV; we also consider
� = 100 GeV when examining the tan � dependence of
the cross section. We �x the U(1) and SU(2) gaugino
mass parameters to be 2M1 = M2 = 200 GeV. Working
consistently at the one-loop level, we use the tree-level re-
lations for the Higgs masses and mixing angles in terms of
mA0 and tan �. We have veri�ed numerically that using
the radiatively corrected values for the CP-even Higgs
masses and mixing angle does not change our numerical
results in any signi�cant way.

In what follows, we have taken all the SUSY break-
ing masses for the squarks and sleptons to be the same
for simplicity. With MSUSY as low as 200 GeV, the ra-
diatively corrected mass of the lightest CP-even MSSM
Higgs boson h0 lies below the current experimental Higgs
search bound. However, it is of course possible to choose
MSUSY for the stop/sbottom sector to be large and/or
to impose large left-right mixing in the stop sector so
that the mass of h0 is increased above the experimental
bound, while still keeping the sleptons and �rst two gen-
erations of squarks relatively light so that they give large
contributions to the e+e� ! W�H� cross section. In
this case, the numerical results presented below will of
course change slightly, but the general conclusions from
our analysis will remain true. A more detailed analy-
sis of the constraints due to the h0 mass bound will be
presented elsewhere [56].

Figures 7 and 8 show the dependence of the e+e� !
W+H� cross section on the charged Higgs mass for
tan � = 2:5 and 7, respectively. In both cases we plot
cross sections for

p
s = 500 GeV (left) and

p
s = 1000

GeV (right). Solid lines are the contributions from the
non-SUSY 2HDM with the Higgs sector constrained by
the MSSM mass and coupling relations.12 The dotted

12 The pure 2HDM contributions to e+e� ! W+H� have been
studied in Refs. [46, 47]. Our numerical results for the 2HDM
are in close agreement with those of Refs. [46, 47], after taking
into account a factor of 1/4 from the average over the initial e+e�

polarizations that was omitted in Ref. [46] [37], and noting that
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FIG. 7: The e+e� ! W+H� cross section as a function of mH� for tan � = 2:5, at
p
s = 500 GeV (left) and 1000 GeV (right).

The trilinear couplings are chosen as At = Ab = 0 (dotted lines) and 200 GeV (dashed lines). The rest of the SUSY parameters
are chosen to be MSUSY = 200 GeV, 2M1 = M2 = 200 GeV, and � = 500 GeV. The solid lines show the cross section in the
non-SUSY 2HDM (with MSSM relations for the Higgs sector). In each plot, the lines from top to bottom are the cross sections
for 80% left-polarized, unpolarized, and 80% right-polarized electrons.
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FIG. 8: The e+e� ! W+H� cross section as a function of mH� for tan � = 7. All other input parameters and notation are
the same as in Fig. 7.

(dashed) lines show the cross sections in the full MSSM,
including the contributions from all the superparticles,
for At = Ab = 0 (At = Ab = 200 GeV). We compare
the cross sections with 80% left-handed e� polarization,
no polarization, and 80% right-handed e� polarization,
which are denoted in each plot by the same type of lines,

the results in Ref. [47] are the average over the spin states e+
L
e�
R

and e+
R
e�
L
; for unpolarized beams the cross sections in Ref. [47]

should be divided by two.

from top to bottom. Left-handed e� polarization always
gives a larger cross section. The additional SUSY con-
tributions generally enhance the cross section. In certain
cases, for example

p
s=1000 GeV and tan � = 7 (Fig. 8),

the SUSY contributions increase the cross section by al-
most an order of magnitude. The cross sections decline
as mH� increases; however, reasonable cross sections can
be obtained for mH� >

p
s=2, especially for small tan �.

The ten-event discovery reach in mH� is shown in Ta-
ble I for a 500 GeV LC (requiring a cross section of 0.01
fb) and a 1000 GeV LC (requiring a cross section of 0.005
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TABLE I: Ten-event discovery reach in mH� (in GeV) at a LC with an 80% left-polarized electron beam, for
p
s = 500 GeV

(L = 500 fb�1) and 1000 GeV (L = 1000 fb�1). The corresponding reach with an unpolarized electron beam is given in
parentheses. The SUSY parameters are as speci�ed in the caption of Fig. 7.

tan � = 2:5 tan � = 7p
s 500 GeV 1000 GeV 500 GeV 1000 GeV

2HDM 352 (327) 535 (<500) < 250 < 500

MSSM, At = Ab = 0 362 (344) 540 (512) < 250 < 500

MSSM, At = Ab = 200 GeV 375 (347) 667 (600) < 250 581 (517)

fb). Using an 80% left-polarized electron beam generally
increases the reach by at least 20 GeV compared to the
unpolarized case. The increase in the reach in the MSSM
compared to the 2HDM is larger at larger tan � or higher
LC center-of-mass energy. In the following discussion, we
will consider the results for an 80% left-polarized electron
beam. For tan � = 2:5, a charged Higgs with mass up to
375 GeV (667 GeV) could be detected at a 500 GeV (1000
GeV) LC. For favorable SUSY parameters, the SUSY
contributions can increase the reach by about 20 GeV atp
s = 500 GeV and by more than 100 GeV at

p
s = 1000

GeV, compared to the non-SUSY 2HDM. At tan � = 7,
the cross section is generally too small to be observed at
the ten-event level; however, a reach in mH� up to about
580 GeV is still possible at a 1000 GeV machine. The de-
pendence of the cross section on At for lowMSUSY = 200
GeV is due to the e�ects of left-right mixing in the stop
sector. For larger values of MSUSY, the squark contribu-
tions become less important and the dependence on At

becomes much less signi�cant. The cross section is also
sensitive to the value of the � parameter. For example,
lowering � to 100 GeV increases the ten-event discovery
reach in mH� to 390 GeV at tan � = 2:5 or 300 GeV for
tan � = 7 at a 500 GeV LC, almost independent of At

(see Fig. 9).

Figure 9 shows the tan� dependence of the e+e� !
W+H� cross section for 80% left-polarized electrons. We
plot two di�erent values for �, 100 and 500 GeV, to show
the � dependence as well as the dependence on At for
small MSUSY = 200 GeV. For � = 500 GeV, values of
tan � above 20 lead to a negative mass-squared for the
lighter sbottom and are forbidden. From Fig. 9 we can
see that while the cross section in the 2HDM (solid line)
falls rapidly with increasing tan�, the cross section in the
MSSM experiences a much milder drop as tan � increases.
Thus the reach in tan � in the MSSM is larger than in
the 2HDM. At a 500 GeV machine, for mH� = 350 GeV,
the ten-event discovery reach is tan � � 5:8 in the MSSM
with favorable parameters as shown in Fig. 9, compared
to tan � < 2:5 in the 2HDM. At a 1000 GeV machine, for
mH� = 600GeV, the ten-event discovery reach is tan � <�
5 in the MSSM, while in the 2HDM even tan � � 2 is
not detectable. In Table II we show the maximum ten-
event discovery reach in tan � when mH� is just abovep
s=2. For a 500 GeV machine, we �nd that a reach up

to tan � <� 9 is possible for mH� ' 250 GeV. For a 1000
GeV machine, while in most cases we �nd a reach up to

tan � <� 5 for mH� ' 500 GeV, in certain cases a wide
range of tan � values can be explored.
For the relatively low values of MSUSY, M1 and M2

used in our analysis, the dependence on � is complicated.
We �nd an enhancement of the cross section over the
2HDM for most values of �. However, there are values
of � that lead to a large suppression in the cross section.
For example, at

p
s = 500 GeV with a left-polarized elec-

tron beam, mH� = 350 GeV, tan � =2.5, At = Ab = 200
GeV, and � around 800 GeV, there is a large cancel-
lation between the 2HDM and SUSY matrix elements,
leading to a suppression of the cross section. Further-
more, changing the relative signs of M1, M2 and � can
alter the SUSY contribution to the cross section.

V. CONCLUSIONS

We studied the single charged Higgs production pro-
cess e+e� ! W�H� at a 500 GeV and a 1000 GeV
linear collider, including the complete MSSM contribu-
tions at one loop. At small tan �, the reach in mH�

from this process extends above the kinematic threshold
(mH� ' ps=2) for e+e� ! H+H� pair production. We
found that light SUSY particles with masses of order 200
GeV enhance the cross section in most of the parameter
space. At small tan �, an increase in the reach inmH� by
about 20 GeV in the full MSSM compared to that in the
2HDM is possible at a 500 GeV machine, and by more
than 100 GeV at a 1000GeV machine. In particular, with
favorable SUSY parameters and tan � = 2:5, this process
yields more than 10 W�H� events for mH� <� 350 GeV
in 500 fb�1 at a 500 GeV collider, or mH� <� 600 GeV
in 1000 fb�1 at a 1000 GeV collider, assuming unpolar-
ized beams. At large tan �, an order of magnitude en-
hancement of the cross section compared to the 2HDM is
possible, so that the cross section su�ers only a moder-
ate decrease with increasing tan �. The reach in tan � is
therefore enhanced; with favorable SUSY parameters and
mH� ' ps=2, this process yields more than 10 W�H�

events for tan � <� 6 at a 500 GeV collider. We also
found that an 80% left-polarized electron beam enhances
the cross section by about 50% and improves the discov-
ery reach by at least an additional 25 GeV; in particular,
the reach at tan� = 2:5 improves to mH� <� 375 GeV at
a 500 GeV collider, or mH� <� 670 GeV at a 1000 GeV
collider, and the reach in tan � improves to � 8:5 at a
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2 5 10 20 40
10

−6

10
−5

10
−4

10
−3

10
−2

tan β

σ 
  (

fb
)

Ecm=1000 GeV mH±=600 GeV

80% LH

FIG. 9: The e+e� ! W+H� cross section as a function of tan � for 80% left-polarized electrons, with
p
s = 500 GeV,

mH� = 350 GeV (left) and
p
s = 1000 GeV, mH� = 600 GeV (right). Four di�erent choices for � and At = Ab are shown:

� = 500 GeV, At = Ab = 0 (dotted line); � = 500 GeV, At = Ab = 200 GeV (dashed line); � = 100 GeV, At = Ab = 0
(dash-dotted line); and � = 100 GeV, At = Ab = 200 GeV (\+" line). The remaining SUSY parameters are MSUSY = 200
GeV and 2M1 =M2 = 200 GeV. The solid lines show the cross section in the non-SUSY 2HDM (with MSSM relations for the
Higgs sector).

TABLE II: Ten-event discovery reach in tan � for mH� ' ps=2 at a LC with an 80% left-polarized electron beam, for
p
s = 500

GeV (L = 500 fb�1) and 1000 GeV (L = 1000 fb�1). The corresponding reach with an unpolarized electron beam is given in
parentheses. The SUSY parameters are as speci�ed in the caption of Fig. 9.

p
s 500 GeV 1000 GeV

� 100 GeV 500 GeV 100 GeV 500 GeV

2HDM 5.8 (4.6) 2.9 (2.3)

MSSM, At = Ab = 0 8.6 (5.6) 6.7 (5.4) 3.8 (2.9) 3.5 (2.8)

MSSM, At = Ab = 200 GeV 8.7 (5.9) 6.4 (4.9) 4.7 (3.4) � 20

500 GeV collider.

The process e+e� ! W+H� in the MSSM with light
superpartners is very promising compared to the other
single charged Higgs boson production modes that have
been considered to date. At the e+e� collider, the pro-
cesses e+e� ! ����H+ and �tbH+ are complementary to
W+H� production in that their cross sections are largest
at high values of tan �. For tan � ' 40, they provide a
reach of mH� <� 275 GeV and 260 GeV, respectively,
at a 500 GeV collider, and mH� <� 520 GeV and 560
GeV, respectively, at a 1000 GeV collider. If 1000 fb�1

of e+e� luminosity at 1000 GeV is devoted to  colli-
sions, the reach in ����H+ production can be extended to
mH� <� 700 GeV at high tan � >� 30. At an e� collider,
the cross section for �H� production in the 2HDM is too
small to be seen in the typical integrated luminosity of
100 fb�1 in the high-energy part of the  spectrum. This
process could become promising in the MSSM if its cross
section is enhanced by the contributions of light super-
partners, or if the e� luminosity is increased. Finally,
if 1000 fb�1 of e+e� luminosity at 1000 GeV is devoted

to  collisions, the process  !W+H� in the MSSM
will be competitive to e+e� !W+H�. For light super-
particles, this process provides a reach in mH� above 600
GeV for tan � = 2 and mH� <� 520 GeV for tan � = 6.

A few additional processes that have not yet been
computed may be promising for single heavy Higgs bo-
son production at an e+e� collider. The behavior of
the SM Higgs production cross sections leads us to ex-
pect that weak boson fusion processes will naturally have
larger cross sections than Higgsstrahlung-type processes
at
p
s � 1000 GeV. The process e+e� ! ��e�H+ may

thus be promising. The calculation of this process in
the 2HDM will be quite straightforward since the only
contributions come from the loop-induced ZW+H� and
W+H� vertices [56]. The process e+e� ! ���A0

may also be promising. Preliminary results for the
top/bottom quark loop contributions in the 2HDM in-
dicate, however, that this process is too small to be ob-
served for mA0 >

p
s=2 [39]. This process could become

observable if the addition of the full 2HDM and MSSM
contributions enhances the cross section suÆciently [57].
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APPENDIX A: NOTATION AND CONVENTIONS

For couplings and Feynman rules we follow the con-
ventions of Ref. [58]. We follow the notation of Ref. [46]
for the one-loop integrals. The one-point integral is:

i

16�2
A(m2) =

Z
dDq

(2�)D
1

(q2 �m2)
; (A1)

where D is the number of dimensions. The two-point
integrals are:

i

16�2
fB0; k

�B1g (k2;m2
0;m

2
1) = (A2)

Z
dDq

(2�)D
f1; q�g

(q2 �m2
0)((q + k)2 �m2

1)
:

The three-point integrals are:

i

16�2
fC0; C

�; C��g = (A3)Z
dDq

(2�)D
f1; q�; q�q�g

(q2 �m2
0)((q + k1)2 �m2

1)((q + k2)2 �m2
2)
;

where the tensor integrals are decomposed in terms of
scalar components as

C� = k�1C1 + k�2C2

C�� = g��C00 + k�1k
�
1C11 + k�2 k

�
2C22

+(k�1 k
�
2 + k�2 k

�
1)C12: (A4)

The arguments of the scalar three-point integrals are
(k21; (k2 � k1)2; k22;m

2
0;m

2
1;m

2
2). The four-point integrals

are:

i

16�2
fD0; D

�; D��g =
Z

dDq

(2�)D
f1; q�; q�q�g

(q2 �m2
0)((q + k1)2 �m2

1)((q + k2)2 �m2
2)((q + k3)2 �m2

3)
; (A5)

where the tensor integrals are decomposed in terms of
scalar components as

D� = k�1D1 + k�2D2 + k�3D3

D�� = g��D00 + k�1k
�
1D11 + k�2k

�
2D22 + k�3k

�
3D33

+(k�1 k
�
2 + k�2 k

�
1)D12 + (k�1k

�
3 + k�3k

�
1 )D13

+(k�2 k
�
3 + k�3 k

�
2)D23: (A6)

The arguments of the scalar four-point inte-
grals are (k21; (k2 � k1)2; (k3 � k2)2; k23; k

2
2; (k1 �

k3)2;m2
0;m

2
1;m

2
2;m

2
3).

APPENDIX B: 2HDM CONTRIBUTIONS

Explicit results for the matrix elements for e+e� !
W+H� in the 2HDM were given in Ref. [46]. We have
calculated all the 2HDM diagrams independently and
give the formulae here for completeness. After correct-
ing a few typographical errors [37] in the formulae of

Ref. [46], we �nd agreement with all of their results ex-
cept for Figs. 5.2 and 5.3, which di�er by an overall sign.
The quark triangles that appear in Figs. 1.1 and 1.2

were also computed in Ref. [40] and agree with our re-
sults. (Note that Ref. [40] uses the convention "0123 = 1,
which is opposite to our convention.)
For convenience, we list here our notation for the gauge

and Yukawa coupling coeÆcients used in this section.
The photon coupling coeÆcients to leptons/quarks are:

gfL = gfR = �ef ; (B1)

where the electric charges are e� = 0, ee = �1, eu = 2=3,
and ed = �1=3.
The Z boson coupling coeÆcients to leptons/quarks

are:

gfLZ = (�T3 + efs
2
W )=sW cW ; gfRZ = (ef s

2
W )=sW cW ;

(B2)
where T3 = 1=2 for �, u and T3 = �1=2 for e, d.
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For the W boson coupling to leptons/quarks we de�ne:

gW = �1=
p
2sW : (B3)

The H� and G� coupling coeÆcients to top/bottom
quarks are (the couplings to leptons and �rst and second
generation quarks are small and taken to be zero):

yLHtb yRHtb yLGtb yRGtb
mt cot �=

p
2mW sW mb tan �=

p
2mW sW �mb=

p
2mW sW mt=

p
2mW sW

The coeÆcients for couplings of three Higgs bosons are:

gH�AG+ �imW =2sW
gH�h0H+ �mW s��=sW �mZ cos 2� sin(� + �)=2sW cW
gH�H0H+ �mW c��=sW +mZ cos 2� cos(� + �)=2sW cW
gH�h0G+ mW c��=2sW �mZ sin 2� sin(� + �)=2sW cW
gH�H0G+ �mW s��=2sW +mZ sin 2� cos(� + �)=2sW cW
gG�h0G+ mZ cos 2� sin(� + �)=2sW cW
gG�H0G+ �mZ cos 2� cos(� + �)=2sW cW

where s�� = sin(� � �) and c�� = cos(� � �).
We now list our results for the 2HDM diagrams.
Fig. 1.1:

M =
2�2NcgW
s �m2

V

�
[�(mtg

dL
V yLHtb +mb(g

dL
V � gdRV )yRHtb)B0 + 2gdLV (mty

L
Htb +mby

R
Htb)C00

+(�gdLV (mty
L
Htb +mby

R
Htb)m

2
W + (mtg

dL
V yLHtb �mbg

dR
V yRHtb)k1 � k2)C1

+(gdLV (mty
L
Htb +mby

R
Htb)k1 � k2 � (mtg

dL
V yLHtb �mbg

dR
V yRHtb)m

2
H� )C2

+(�m3
t g

dL
V yLHtb �m2

tmb(g
dL
V � gdRV )yRHtb +mtm

2
bg

dR
V yLHtb +mtg

dL
V yLHtbk1 � k2)C0][g

eR
V A1 + geLV A2]

+[�2gdLV (mty
L
Htb +mby

R
Htb)(C12 +C22)� gdLV (3mty

L
Htb +mby

R
Htb)C2 � (mtg

dL
V yLHtb �mbg

dR
V yRHtb)C1

�mtg
dL
V yLHtbC0][g

eR
V (A3 +A5) + geLV (A4 +A6)]

+[mtg
dL
V yLHtbC0 + (mtg

dL
V yLHtb +mbg

dR
V yRHtb)C1 + gdLV (mty

L
Htb +mby

R
Htb)C2](g

eR
V A7 + geLV A8)

	
; (B4)

with the arguments for the integral functions as B(s;m2
b ;m

2
b), C(m

2
W ; s;m2

H� ;m2
t ;m

2
b ;m

2
b).

Fig. 1.2: Similar to Fig. 1.1 with the exchange of

mt $ mb; gdLV $ guLV ; gdRV $ guRV ; yLHtb $ yRHtb; A7;A8 terms ip sign: (B5)

Fig. 1.3:

M =
�2

s �m2
V

gVWW gWWSgHWS��B0 � (s +m2
S �m2

W )C0 � (s +m2
W �m2

H� )C1 + (s �m2
W +m2

H� )C2 + C00

�
(geRV A1 + geLV A2)

+ (4C1 + C2 � C12 � C22)
�
geRV (A3 + A5) + geLV (A4 + A6)

�
; (B6)

with the arguments for the integral functions as B(s;m2
W ;m2

W ), C(m2
W ; s;m2

H� ;m2
S ;m

2
W ;m2

W ). The couplings are
given in the following table:

S gWW gZWW gHWS gWWS

h0 �1 �cW =sW c��=2sW mW s��=sW
H0 �1 �cW =sW �s��=2sW mW c��=sW

Fig. 1.4:

M =
2�2

s �m2
Z

gZSiSjgHWSigWWSj

�
C00(g

eR
V A1 + geLV A2)

� (2C0 + 2C1 + 3C2 + C12 + C22)
�
geRV (A3 +A5) + geLV (A4 +A6)

�	
; (B7)

with the arguments for the integral functions as C(m2
W ; s;m2

H� ;m2
W ;m2

Sj
;m2

Si
). The couplings are given in the

following table:
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Si Sj gZSiSj gHWSi gWWSj

A0 h0 �ic��=2sW cW �i=2sW mW s��=sW
A0 H0 is��=2sW cW �i=2sW mW c��=sW

Fig. 1.5:

M = � 4�2

s �m2
V

gV SiSjgHSiSkgWSjSk

�
C00(g

eR
V A1 + geLV A2)

� (C2 + C12 +C22)
�
geRV (A3 +A5) + geLV (A4 + A6)

�	
; (B8)

with the arguments for the integral functions as C(m2
W ; s;m2

H� ;m
2
Sk
;m2

Sj
;m2

Si
). The couplings are given in the

following table:

Si Sj Sk gSiSj gZSiSj gHSiSk gWSjSk

A0 h0 G� 0 �ic��=2sW cW gH�AG+ �s��=2sW
A0 H0 G� 0 is��=2sW cW gH�AG+ �c��=2sW
h0 A0 H� 0 ic��=2sW cW gH�h0H+ i=2sW
H0 A0 H� 0 �is��=2sW cW gH�H0H+ i=2sW
h0 G0 G� 0 is��=2sW cW gH�h0G+ i=2sW
H0 G0 G� 0 ic��=2sW cW gH�H0G+ i=2sW
G� G� h0 1 cos(2�W )=2sW cW gH�h0G+ s��=2sW
G� G� H0 1 cos(2�W )=2sW cW gH�H0G+ c��=2sW
H� H� h0 1 cos(2�W )=2sW cW gH�h0H+ c��=2sW
H� H� H0 1 cos(2�W )=2sW cW gH�H0H+ �s��=2sW

Fig. 1.6:

M =
�2

s �m2
V

gV V 0SigWV 0SjgHSiSjC0(g
eR
V A1 + geLV A2); (B9)

with the arguments for the integral functions as C(m2
W ; s;m2

H� ;m2
Sj
;m2

V 0 ;m2
Si
). The couplings are given in the

following table:

Si Sj V 0 gV 0Si gZV 0Si gHSiSj gWV 0Sj

h0 G� Z 0 mZs��=sW cW gH�h0G+ �mZsW
H0 G� Z 0 mZc��=sW cW gH�H0G+ �mZsW
G� h0 W� mW �mZsW gH�h0G+ mW s��=sW
G� H0 W� mW �mZsW gH�H0G+ mW c��=sW

Fig. 1.7:

M =
2�2

s�m2
V

gV V 0SigHV 0SjgWSiSj

��C00(g
eR
V A1 + geLV A2)

+(�C2 +C12 +C22)
�
geRV (A3 +A5) + geLV (A4 +A6)

�	
; (B10)

with the arguments for the integral functions as C(m2
W ; s;m2

H� ;m
2
Sj
;m2

Si
;m2

V 0). The couplings are given in the

following table:

Si Sj V 0 gV 0Si gZV 0Si gHV 0Sj gWSiSj

h0 H� Z 0 mZs��=sW cW cos(2�W )=2sW cW �c��=2sW
H0 H� Z 0 mZc��=sW cW cos(2�W )=2sW cW s��=2sW
G� h0 W� mW �mZsW c��=2sW s��=2sW
G� H0 W� mW �mZsW �s��=2sW c��=2sW
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Fig. 1.8:

M =
�2

s �m2
Z

gZZSgHWSgZWW��
B0 + (2m2

H� + 3m2
W � 2s)C0 � (s �m2

H� � 3m2
W )C1 � (s �m2

W � 3m2
H� )C2 �C00

�
(geRV A1 + geLV A2)

+ (2C0 � 2C1 + 3C2 + C12 + C22)
�
geRV (A3 +A5) + geLV (A4 + A6)

�	
; (B11)

with the arguments for the integral functions as
B(s;m2

Z ;m
2
S), C(m

2
W ; s;m2

H� ;m2
W ;m2

Z;m
2
S). The cou-

plings are given in the following table:

S gZZS gHWS gZWW

h0 mZs��=sW cW c��=2sW �cW =sW
H0 mZc��=sW cW �s��=2sW �cW =sW

Fig. 1.9:

M = ��
2gVWHSgWWS

s�m2
V

B0(g
eR
V A1 + geLV A2);(B12)

with the arguments for the integral functions as
B(m2

W ;m2
S ;m

2
W ). The couplings are given in the fol-

lowing table:

S gHWS gZHWS gWWS

h0 c��=2sW �c��=2cW mW s��=sW
H0 �s��=2sW s��=2cW mW c��=sW

Fig. 1.10:

M =
�2gVWSiSjgHSiSj

s�m2
V

B0(g
eR
V A1 + geLV A2);(B13)

with the arguments for the integral functions as
B(m2

H� ;m2
Sj
;m2

Si
). The couplings are given in the fol-

lowing table:

Si Sj gWSiSj gZWSiSj gHSiSj
h0 H� c��=2sW �c��=2cW gH�h0H+

H0 H� �s��=2sW s��=2cW gH�H0H+

h0 G� s��=2sW �s��=2cW gH�h0G+

H0 G� c��=2sW �c��=2cW gH�H0G+

Fig. 1.11:

M = ��
2gZHWSgZZS
s�m2

Z

B0(g
eR
V A1 + geLV A2);(B14)

with the arguments for the integral functions as
B(s;m2

S ;m
2
Z). The couplings are given in the following

table:

S gZHWS gZZS

h0 �c��=2cW mZs��=sW cW
H0 s��=2cW mZc��=sW cW

Fig. 1.12:

M = �2g2W gWWSgHWS

��
C0 + (m2

S � u)D0 + (m2
W � u)D1 + (u�m2

H� )D3

�A2 � 4D1A6

	
; (B15)

with the arguments for the integrals as C(m2
e;m

2
e; s;m

2
W ; 0;m2

W ), D(m2
W ;m2

e;m
2
e;m

2
H� ; u; s;m

2
S;m

2
W ; 0;m2

W ). The
couplings are given in the following table:

S gWWS gHWS

h0 mW s��=sW c��=2sW
H0 mW c��=sW �s��=2sW

Fig. 3.1:

�fW+H+ (k
2) =

Nc�

2�
gW
�
(mty

L
Htb +mby

R
Htb)B1 +mby

R
HtbB0

�
; (B16)

with the arguments for the integral functions as B(k2;m2
b;m

2
t ), for k being the external momentum.

Fig. 3.2 + 3.3:

�bW+H+ (k2) =
�

8�s2W

�
c��sW gH�h0H+ (2B1(k

2;m2
h0 ;m

2
H� ) + B0(k

2;m2
h0 ;m

2
H� ))

� s��sW gH�H0H+ (2B1(k
2;m2

H0 ;m2
H� ) + B0(k

2;m2
H0 ;m2

H� ))

+ s��sW gH�h0G+(2B1(k
2;m2

h0 ;m
2
W ) + B0(k

2;m2
h0 ;m

2
W ))
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+ c��sW gH�H0G+ (2B1(k
2;m2

H0 ;m2
W ) +B0(k

2;m2
H0 ;m2

W ))

� c��s��mW (B0(k
2;m2

h0 ;m
2
W )�B1(k

2;m2
h0 ;m

2
W ))

+ c��s��mW (B0(k
2;m2

H0 ;m2
W )�B1(k

2;m2
H0 ;m2

W ))
�
: (B17)

Fig. 3.4:

�fG+H+(k
2) = �Nc�

2�

�
(yLHtby

R
Gtb + yRHtby

L
Gtb)A(m

2
t ) +

�
mbmt(y

L
Htby

L
Gtb + yRHtby

R
Gtb) +m2

b(y
L
Htby

R
Gtb + yRHtby

L
Gtb)

�
B0

+ k2(yLHtby
R
Gtb + yRHtby

L
Gtb)B1

	
; (B18)

with the arguments for the integral functions as B(k2;m2
b;m

2
t ).

Fig. 3.5 + 3.6:

�bG+H+ (k2) =
�

4�

�
gH�h0H+gH�h0G+B0(k

2;m2
h0 ;m

2
H� ) + gH�H0H+gH�H0G+B0(k

2;m2
H0 ;m2

H� )

+ gH�h0G+gG�h0G+B0(k
2;m2

h0 ;m
2
W ) + gH�H0G+gG�H0G+B0(k

2;m2
H0 ;m2

W )

+
s��c��
4s2W

��(k2 +m2
h0 )B0(k

2;m2
h0 ;m

2
W ) + 2k2B1(k

2;m2
h0 ;m

2
W )
�

+
s��c��
4s2W

�
(k2 +m2

H0 )B0(k
2;m2

H0 ;m2
W )� 2k2B1(k

2;m2
H0 ;m2

W )
��

(B19)

Fig. 5.1: The real part of W�H� mixing self-energy �xes the counterterms for the W+H� and ZW+H� vertices,
following Eq. 14:

M =
4��

s �m2
V

gVRe(�W+H+ (m2
H� ))(geRV A1 + geLV A2); (B20)

where g = �1, gZ = sW =cW , and �W+H+ = �f
W+H+ + �bW+H+ = Re(�W+H+ ) + iIm(�W+H+ ).

The W�H� counterterm cancels the real part of the W�H� mixing self-energy, following the renormalization
condition de�ned in Eq. 13. Therefore, only the imaginary part of the W�H� mixing self-energy contributes to
Figs. 5.2 and 5.3. Similarly, only the imaginary part of the G�H� mixing self-energy contributes to Fig. 5.4; this is
related to the imaginary part of the W�H� mixing self-energy by Eq. 15.
Fig. 5.2:

M =
4��g2W

m2
H� �m2

W

iIm(�W+H+ (m2
H� ))A2: (B21)

Fig. 5.3:

M =
4��gVWW

(s �m2
V )(m

2
H� �m2

W )
(s �m2

W )iIm(�W+H+ (m2
H� ))(geRV A1 + geLV A2); (B22)

where gWW = �1 and gZWW = �cW =sW .
Fig. 5.4:

M = � 4��gVWGm
2
H�

(s �m2
V )(m

2
H� �m2

W )mW
iIm(�W+H+ (m2

H� ))(g
eR
V A1 + geLV A2); (B23)

where gWG = mW and gZWG = �mZsW .

APPENDIX C: MSSM CONTRIBUTIONS

The matrix elements for e+e� ! W+H� in the full
MSSM are given here for the �rst time. The sfermion tri-
angle that enters Fig. 2.2 was computed in Ref. [40], and
agrees with our result. Fig. 2.1(b) with �0i , �

0
j and �

+
k in

the loop is analogous to the top/bottom quark triangle

diagram and can be checked by substituting top/bottom
quark couplings for the gaugino couplings; the part in-
volving the W coupling to left-handed gauginos is con-
sistent with the top/bottom quark contribution given in
the previous section. Formulae were given in Ref. [33] for
the W+H+ and G+H+ mixing diagrams, Fig. 4.1-4; our
results are consistent with theirs, although not enough
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detail was given in Ref. [33] to check the overall signs of
the diagrams.
We de�ne here our notation for the mixing matrices in

the stop/sbottom and gaugino sectors and various cou-
pling coeÆcients.
The mixing in stop sector is de�ned by: 

~tL
~tR

!
=

 
cos�t~t1 � sin�t~t2
sin�t~t1 + cos�t~t2

!
; (C1)

where ~tL;R are the weak eigenstates and ~t1;2 are the mass

eigenstates, and analogously for the sbottom sector.

The chargino mass matrix is:

X =

 
M2

p
2mW sin �p

2mW cos � �

!
; (C2)

which is diagonalized by the matrices U and V via
V XyU y = MD.

The neutralino mass matrix is:

Y =

0
BBB@

M1 0 �mZsW cos � mZsW sin �

0 M2 mZcW cos � �mZcW sin �

�mZsW cos � mZcW cos � 0 ��
mZsW sin� �mZcW sin � �� 0

1
CCCA ; (C3)

which is diagonalized by the matrixN viaNY yN y = ND .
The matrices that enter the W+�0i�

�
j couplings are

de�ned as:

OL
ij = �

1p
2
Ni4V

�
j2+Ni2V

�
j1; OR

ij =
1p
2
N�
i3Uj2+N

�
i2Uj1:

(C4)
The matrices that enter the Z�+i �

�
j couplings are de-

�ned as:

O0L
ij = �Vi1V �

j1 �
1

2
Vi2V

�
j2 + Æijs

2
W ;

O0R
ij = �U�

i1Uj1 �
1

2
U�
i2Uj2 + Æijs

2
W : (C5)

The matrices that enter the Z�0i�
0
j couplings are de-

�ned as:

O00L
ij = �1

2
Ni3N

�
j3 +

1

2
Ni4N

�
j4; O00R

ij = �O00L�
ij : (C6)

The matrices that enter the H��0i�
+
j couplings are

de�ned as:

Q0L
ij = N�

i4V
�
j1 +

1p
2
(N�

i2 +N�
i1 tan �W )V �

j2;

Q0R
ij = Ni3Uj1 � 1p

2
(Ni2 +Ni1 tan �W )Uj2: (C7)

The H� ~f ~f 0 coupling coeÆcients are given in the fol-
lowing table:

gH~eL~� �mW sin 2�=
p
2sW

gH ~dL~uL
�mW sin 2�=

p
2sW

gH�~bL~tL
�mW sin 2�=

p
2sW + (m2

b tan � +m2
t cot �)=

p
2mW sW

gH�~bL~tR
mt(� +At cot �)=

p
2mW sW

gH�~bR~tL
mb(�+ Ab tan�)=

p
2mW sW

gH�~bR~tR
mtmb(tan � + cot �)=

p
2mW sW

gH~b1~t1
cos�t cos�bgH�~bL~tL

+ sin�t cos�bgH�~bL~tR
+ cos�t sin�bgH�~bR~tL

+ sin�t sin�bgH�~bR~tR

gH~b1~t2
� sin�t cos�bgH�~bL~tL

+ cos�t cos�bgH�~bL~tR
� sin�t sin�bgH�~bR~tL

+ cos�t sin�bgH�~bR~tR

gH~b2~t1
� cos�t sin�bgH�~bL~tL

� sin�t sin�bgH�~bL~tR
+ cos�t cos�bgH�~bR~tL

+ sin�t cos�bgH�~bR~tR

gH~b2~t2
sin�t sin�bgH�~bL~tL

� cos�t sin�bgH�~bL~tR
� sin�t cos�bgH�~bR~tL

+ cos�t cos�bgH�~bR~tR

The G� ~f ~f 0 coupling coeÆcients are given in the following table:



17

gG~eL~� mW cos 2�=
p
2sW

gG~dL~uL
mW cos 2�=

p
2sW

gG�~bL~tL mW cos 2�=
p
2sW + (m2

t �m2
b)=
p
2mW sW

gG�~bL~tR mt(�� cot � +At)=
p
2mW sW

gG�~bR~tL �mb(�� tan � + Ab)=
p
2mW sW

gG�~bR~tR 0

gG~b1~t1 cos�t cos�bgG�~bL~tL + sin�t cos�bgG�~bL~tR + cos�t sin�bgG�~bR~tL
gG~b1~t2 � sin�t cos�bgG�~bL~tL + cos�t cos�bgG�~bL~tR � sin�t sin�bgG�~bR~tL
gG~b2~t1 � cos�t sin�bgG�~bL~tL � sin�t sin�bgG�~bL~tR + cos�t cos�bgG�~bR~tL
gG~b2~t2 sin�t sin�bgG�~bL~tL � cos�t sin�bgG�~bL~tR � sin�t cos�bgG�~bR~tL

We now list our results for the MSSM diagrams. It is to be understood that diagrams involving charginos �+i are
summed over i = 1; 2 and diagrams involving neutralinos �0i are summed over i = 1; : : : ; 4.
Fig. 2.1(a):

M = � 2�2

s �m2
V��

(F � G+H)B0 + (m2
�k (F � G+H) � k1 � k2H �m�im�jm�kJ)C0 + (m2

WF + k1 � k2G� (k1 � k2 �m2
W )H)C1

+ (�k1 � k2F �m2
H�G� (k1 � k2 �m2

H� )H)C2 � 2(F +H)C00

�
(geRV A1 + geLV A2)

+ [HC0 + (�G +H)C1 + (F + 3H)C2 + 2(F +H)(C12 +C22)]
�
geRV (A3 + A5) + geLV (A4 +A6)

�
+ [HimC0 + (Gim +Him)C1 + (Fim +Him)C2] (g

eR
V A7 + geLV A8)

	
(C8)

where

F = m�i(g
L
Hg

L
V g

L
W + gRHg

R
V g

R
W ); G = m�j (g

L
Hg

R
V g

L
W + gRHg

L
V g

R
W ); H = m�k (g

R
Hg

L
V g

L
W + gLHg

R
V g

R
W );

J = gRHg
R
V g

L
W + gLHg

L
V g

R
W ;

Fim = m�i(g
L
Hg

L
V g

L
W � gRHg

R
V g

R
W ); Gim = m�j (g

L
Hg

R
V g

L
W � gRHg

L
V g

R
W ); Him = m�k(g

R
Hg

L
V g

L
W � gLHg

R
V g

R
W ): (C9)

The arguments for the integral functions are B(s;m2
�j
;m2

�i
), C(m2

W ; s;m2
H� ;m

2
�k
;m2

�j
;m2

�i
).

Fig. 2.1(b): Similar to Fig. 2.1(a), under the exchange of

gLH $ gRH ; A7;A8 terms ip sign: (C10)

The couplings are given in the following table:

�i �j �k gL gR gLZ gRZ gLH gRH gLW gRW
2.1(a) �+i �+j �0k �Æij �Æij O0L

ji =sW cW O0R
ji =sW cW �Q0R�

ki sin �=sW �Q0L�
ki cos �=sW OL

kj=sW OR
kj=sW

2.1(b) �0i �0j �+k 0 0 O00L
ij =sW cW O00R

ij =sW cW �Q0R�
ik sin �=sW �Q0L�

ik cos �=sW OL
jk=sW OR

jk=sW

Fig. 2.2:

M = � 4Nc�
2

s �m2
V

gV SiSjgHSiSkgWSjSk

�
C00(g

eR
V A1 + geLV A2)

� (C2 + C12 +C22)
�
geRV (A3 +A5) + geLV (A4 + A6)

�	
; (C11)

with the arguments for the integral functions as C(m2
W ; s;m2

H� ;m2
Sk
;m2

Sj
;m2

Si
), Nc = 1 for sleptons and Nc = 3 for

squarks. The couplings are given in the following table:

Si Sj Sk gSiSj gZSiSj gHSiSk gWSjSk

~� ~� ~eL �g�L �g�LZ gH~eL~� �gW
~eL ~eL ~� geL geLZ gH~eL~� gW

~uL ~uL ~dL �guL �guLZ gH ~dL~uL
�gW

~dL ~dL ~uL gdL gdLZ gH ~dL~uL
gW

~ti ~tj ~bk �guL M t
LiM

t
Lj � guR M t

RiM
t
Rj �guLZ M t

LiM
t
Lj � guRZ M t

RiM
t
Rj gH~bk~ti

�gWM t
LjM

b
Lk

~bi ~bj ~tk gdL M b
LiM

b
Lj + gdR M b

RiM
b
Rj gdLZ M b

LiM
b
Lj + gdRZ M b

RiM
b
Rj gH~bi~tk

gWM t
LkM

b
Lj
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where ~t1; ~t2; ~b1; ~b2 are the stop and sbottom mass eigenstates, with mixing angle �t; �b, M t
L1 = M t

R2 = cos�t,
�M t

L2 = M t
R1 = sin�t, M b

L1 = M b
R2 = cos�b, �M b

L2 = M b
R1 = sin�b.

Fig. 2.3:

M = �2gWgL
�ie~l

gR
�j�~l

�
(C0 + C2)m�ig

L
H + C2m�jg

R
H

�A2; (C12)

with the arguments for the integral functions as C(0; u;m2
H� ;m

2
�i
;m2

~l
;m2

�j
). The couplings are given in the following

table:

�i �j ~l gLH gRH gL
�ie~l

gR
�j�~l

�0i �+j ~eL �Q0R�
ij sin �=sW �Q0L�

ij cos �=sW N�
i2=
p
2sW +N�

i1=
p
2cW �Uj1=sW

�+i �0j ~� �Q0R�
ji sin �=sW �Q0L�

ji cos �=sW �V �
i1=sW �Nj2=

p
2sW +Nj1=

p
2cW

Fig. 2.4:

M = ��2gWgL�ie~eLg
R
�i�~�

gH~eL~�C2A2; (C13)

with the arguments for the integral functions as C(0; u;m2
H� ;m

2
~eL
;m2

�i ;m
2
~�). The couplings are given in the following

table:

�i gL�ie~eL gR�i�~�
�0i N

�
i2=
p
2sW +N�

i1=
p
2cW �Ni2=

p
2sW +Ni1=

p
2cW

Fig. 2.5(a,c):

M = �2g�ie~lg�ke~l

nh
m�ig

R
WgLH

�
�C0 �m2

�jD0 �m2
WD1 � u(D2 +D3) + 2D00

�
+ m�jg

R
W gRH

�
�C0 � (u+m2

�j )D0 � (u +m2
W )D1 � 2uD2 � (u +m2

H� )D3 + 2D00

�
+ m�kg

L
W gRH

�
C0 +m2

�j
D0 + u(D1 +D2) +m2

H�D3

�
+m�im�jm�kg

L
W gLHD0

i
A2

+
�
m�ig

R
W gLH (�2(D33 +D13 +D23) +m�jg

R
W gRH (�2D3 � 2(D33 +D13 +D23))

�A4

+
�
m�ig

R
W gLH (�2(D2 +D3)� 2(D22 +D33 +D12 +D13 +D23))

+ m�jg
R
W gRH (�2D0 � (2D1 + 4D2 + 4D3)� 2(D22 +D33 +D12 +D13 + 2D23))

+ m�kg
L
W gRH2D1

�A6

	
; (C14)

with the arguments for the integral functions as C(0; 0; s;m2
�k;m

2
~l
;m2

�i), D(m2
W ; 0; 0;m2

H� ; u; s;m2
�j ;m

2
�k ;m

2
~l
;m2

�i).
The couplings are given in the following table:

�i �j �k ~l g�ie~l g�ke~l gLH gRH gLW gRW

2.5(a) �0i �+j �0k ~eL
N�
i2p
2sW

+ N�
i1p
2cW

Nk2p
2sW

+ Nk1p
2cW

�Q0R�
ij sin �=sW �Q0L�

ij cos �=sW OL
kj=sW OR

kj=sW

2.5(b) �0i �+j �0k ~eR �p2Ni1=cW �p2N�
k1=cW �Q0R�

ij sin �=sW �Q0L�
ij cos �=sW OL

kj=sW OR
kj=sW

2.5(c) �+i �0j �+k ~� �V �
i1=sW �Vk1=sW �Q0R�

ji sin �=sW �Q0L�
ji cos �=sW �OR

jk=sW �OL
jk=sW

2.6(a) �0i �+j �0k ~eL
N�
i2p
2sW

+ N�
i1p
2cW

Nk2p
2sW

+ Nk1p
2cW

�Q0R�
kj sin �=sW �Q0L�

kj cos �=sW �OR
ij=sW �OL

ij=sW

2.6(b) �0i �+j �0k ~eR �p2Ni1=cW �p2N�
k1=cW �Q0R�

kj sin �=sW �Q0L�
kj cos �=sW �OR

ij=sW �OL
ij=sW

Fig. 2.5(b): Similar to Fig. 2.5(a,c), under the exchange of

gLH $ gRH ; gLW $ gRW ; A2 $A1; A4 $A3; A6 $A5; (C15)

Fig. 2.6(a):

M = �2g�ie~lg�je~l

nh
m�ig

L
WgLH

�
C0 +m2

�jD0 +m2
H�D1 + t(D2 +D3)

�
+ m�jg

R
W gLH

�
�C0 � (m2

�j
+ t)D0 � (t +m2

H� )D1 � 2tD2 � (t+m2
W )D3 + 2D00

�
+ m�kg

R
WgRH

�
�C0 �m2

�jD0 � t(D1 +D2)�m2
WD3 + 2D00

�
+m�im�jm�kg

L
W gRHD0

i
A2

+
�
m�ig

L
WgLH2D3 +m�jg

R
W gLH (�2D0 � (4D1 + 4D2 + 2D3)� 2(D11 +D22 + 2D12 +D13 +D23))

+ m�kg
R
WgRH (�2(D1 +D2) � 2(D11 +D22 + 2D12 +D13 +D23))

�A4

+
�
m�jg

R
W gLH (�2D1 � 2(D11 +D12 +D13)) +m�kg

R
W gRH(�2)(D11 +D12 +D13)

�A6

	
; (C16)
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with the arguments for the integral functions as C(0; 0; s;m2
�k
;m2

~l
;m2

�i
), D(m2

H� ; 0; 0;m2
W ; t; s;m2

�j
;m2

�k
;m2

~l
;m2

�i
).

Fig. 2.6(b): Similar to Fig. 2.6(a), under the exchange of

gLH $ gRH ; gLW $ gRW ; A2 $A1; A4 $A3; A6 $A5; (C17)

Fig. 2.7:

M = �2�2gL�ie~eLgR�ie~eLgH~eL~�gW [D00A2 � (D3 +D33 +D13 +D23)A4

� (D2 +D3 +D22 +D33 +D12 +D13 + 2D23)A6] ; (C18)

with the arguments for the integral functions as D(m2
W ; 0; 0;m2

H� ; u; s;m
2
~�;m

2
~eL
;m2

�i
;m2

~eL
). The couplings are given

in the following table:

�i gL�ie~eL gR�ie~eL
�0i N

�
i2=
p
2sW +N�

i1=
p
2cW Ni2=

p
2sW +Ni1=

p
2cW

Fig. 2.8:

M = �2�2gL�ie~�gR�ie~�gH~eL~�gW [D00A2 � (D1 +D2 +D11 +D22 + 2D12 +D13 +D23)A4

� (D1 +D11 +D12 +D13)A6] ; (C19)

where D(m2
H� ; 0; 0;m2

W ; t; s;m2
~eL
;m2

~� ;m
2
�i ;m

2
~�). The couplings are given in the following table:

�i gL�ie~� gR�ie~�
�+i �V �

i1=sW �Vi1=sW
Fig. 2.9:

M = �2�2gL�ie~�gR�je~eLgW�
D00(m�ig

L
H +m�jg

R
H )A2 +

�
(D3 +D13 +D23)m�ig

L
H + (D13 +D23)m�jg

R
H

�A4

+
��(D2 +D12 +D22)m�ig

L
H � (D12 +D22)m�jg

R
H

�A6

	
; (C20)

with the arguments for the integral functions as D(m2
W ; 0;m2

H� ; 0; u; t;m
2
~�;m

2
~eL
;m2

�j
;m2

�i
). The couplings are given

in the following table:

�i �j gLH gRH gL�ie~� gR�je~eL
�+i �0j �Q0R�

ji sin �=sW �Q0L�
ji cos �=sW �V �

i1=sW Nj2=
p
2sW +Nj1=

p
2cW

Fig. 2.10:

M = �2gR�ie~�g
L
�je~eLgH~eL~�nh

m�im�jg
L
WD0 + gRW (�C0 �m2

�j
D0 �m2

WD1 � uD2 + 2D00)
i
A2

+ 2gRW (D13 +D23)A4 � 2gRW (D2 +D12 +D22)A6

	
; (C21)

with the arguments for the integrals as C(0;m2
H� ; t;m2

�i ;m
2
~�;m

2
~eL
), D(m2

W ; 0;m2
H� ; 0; u; t;m2

�j;m
2
�i ;m

2
~� ;m

2
~eL
). The

couplings are given in the following table:

�i �j gLW gRW gR�ie~� gL�je~eL
�+i �0j �OR

ji=sW �OL
ji=sW �Vi1=sW N�

j2=
p
2sW + N�

j1=
p
2cW

Fig. 2.11:

M =
Nc�

2

s �m2
V

gVWSiSjgHSiSjB0(g
eR
V A1 + geLV A2); (C22)

with the arguments for the integral functions as B(m2
H� ;m2

Sj
;m2

Si
), Nc = 1 for sleptons and Nc = 3 for squarks. The

couplings are given in the following table:
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Si Sj gHSiSj gWSiSj gZWSiSj

~� ~eL gH~eL~� (ee + e�)=
p
2sW �(ee + e�)=

p
2cW

~uL ~dL gH ~dL~uL
(eu + ed)=

p
2sW �(eu + ed)=

p
2cW

~t1 ~b1 gH~b1~t1
(eu + ed) cos�t cos�b=

p
2sW �(eu + ed) cos�t cos�b=

p
2cW

~t1 ~b2 gH~b2~t1
�(eu + ed) cos�t sin�b=

p
2sW (eu + ed) cos�t sin�b=

p
2cW

~t2 ~b1 gH~b1~t2
�(eu + ed) sin�t cos�b=

p
2sW (eu + ed) sin�t cos�b=

p
2cW

~t2 ~b2 gH~b2~t2
(eu + ed) sin�t sin�b=

p
2sW �(eu + ed) sin�t sin�b=

p
2cW

Fig. 4.1:

�fW+H+ (k
2) =

�

2�

��
m�j (g

L
Hg

L
W + gRHg

R
W ) +m�i(g

L
Hg

R
W + gRHg

L
W )
�
B1 +m�i(g

L
Hg

R
W + gRHg

L
W )B0

	
; (C23)

with the arguments for the integral functions as B(k2;m2
�i ;m

2
�j ), for k being the external momentum. The couplings

are given in the following table:

�i �j gLH gRH gLW gRW
�0i �

+
j �Q0R�

ij sin �=sW �Q0L�
ij cos �=sW OL

ij=sW OR
ij=sW

Fig. 4.2:

�bW+H+ (k2) = �Nc�

4�
gHSiSjgWSiSj (2B1 + B0); (C24)

with the arguments for the integral functions as B(k2;m2
Sj
;m2

Si
), for k being the external momentum. The couplings

are given in the following table:

Si Sj gHSiSj gWSiSj

~� ~eL gH~eL~� gW
~uL ~dL gH ~dL~uL

gW
~t1 ~b1 gH~b1~t1

gW cos�t cos�b
~t1 ~b2 gH~b2~t1

�gW cos�t sin�b
~t2 ~b1 gH~b1~t2

�gW sin�t cos�b
~t2 ~b2 gH~b2~t2

gW sin�t sin�b

Fig. 4.3:

�fG+H+ (k
2) = � �

2�

n
(gLHg

R
G + gRHg

L
G)A(m

2
�j ) +

�
m2
�i(g

L
Hg

R
G + gRHg

L
G) +m�im�j (g

L
Hg

L
G + gRHg

R
G)
�
B0

+ k2(gLHg
R
G + gRHg

L
G)B1

	
; (C25)

with the arguments for the integral functions as B(k2;m2
�i ;m

2
�j ), for k being the external momentum. The couplings

are given in the following table:

�i �j gLH gRH gLG gRG
�0i �

+
j �Q0R�

ij sin �=sW �Q0L�
ij cos �=sW �Q0L

ij sin �=sW Q0R
ij cos �=sW

Fig. 4.4:

�bG+H+(k2) =
Nc�

4�
gHSiSjgGSiSjB0; (C26)

with the arguments for the integral functions as B(k2;m2
Sj
;m2

Si
), for k being the external momentum. The couplings

are given in the following table:

Si Sj gHSiSj gGSiSj
~� ~eL gH~eL~� gG~eL~�
~uL ~dL gH ~dL~uL

gG~dL~uL
~t1 ~b1 gH~b1~t1

gG~b1~t1
~t1 ~b2 gH~b2~t1

gG~b2~t1
~t2 ~b1 gH~b1~t2

gG~b1~t2
~t2 ~b2 gH~b2~t2

gG~b2~t2
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